The tumor suppressor p53 has been identi®ed as a component of a mitotic spindle checkpoint. When exposed to a spindle-disrupting drug such as nocodazole, ®broblasts derived from mice having wild-type p53 are blocked with a 4N content of DNA. Conversely, ®broblasts from p53-de®cient mice become polyploid. To learn if transcriptional activation of downstream genes by p53 plays a role in this putative checkpoint, three cell lines were exposed to nocodazole. In one line, p53 protein is not expressed, while the other two cell lines over-express p53. In one of these two lines, the Nterminal transactivation domain is wild-type and in the second, this region contains a mutation that eliminates the ability of the protein to act as a transcription factor. Incubation with nocodazole of cells containing wild-type p53 results in accumulation of both 2N and 4N populations of cells. Under the same conditions, cells containing a transactivation-de®cient mutant of p53 accumulate a 4N population of cells, but not a 2N population of cells. Cells entirely de®cient in p53 protein become hyperdiploid, and display 8N to 16N DNA content. In all three cell lines, nocodazole elicited an initial increase in mitotic cells, but within 24 h the mitotic index returned to baseline. Expression patterns of cyclins B and D indicated that following entry into mitosis, the cells returned to a G 1 state but with 4N DNA content. Subsequent re-duplication of DNA beyond 4N is prevented in cells containing either wild-type or transcriptionally inactive p53 protein. In cells entirely lacking p53 protein, DNA is re-duplicated (without an intervening mitosis) and the cells become hyperdiploid. These experiments indicate that p53 does not participate in the transient mitotic arrest that follows spindle disruption, but is essential to prevent subsequent reduplication of DNA and the resulting hyperdiploid state. This function is intact in a mutant that is transcriptionally inactive.
Introduction
Checkpoints are biochemical pathways which assure that cell-cycle transitions occur in sequence and are appropriately coordinated with environmental signals. In eucaryotes, checkpoints exist, as well, to ensure genomic integrity (DNA-damage checkpoint) and to prevent the onset of anaphase until all of the mitotic processes have been executed (spindle assembly checkpoint) (Elledge, 1996) . Checkpoints are frequently characterized by the stage of the cell cycle in which they operate. Thus, in response to DNA damage, the tumor suppressor protein p53 has a well de®ned role in arresting cells in G 1 . Following enhanced expression and activation of p53 as a transcription factor, it participates in a process by which replicative DNA synthesis pauses, presumably until repair is complete (Hupp and Lane, 1994; Kuerbitz et al., 1992; Levine, 1997) . Many of the known consequences of p53 activation depend upon the ability of this protein to act as a transcription factor (Gottleib and Oren, 1996) . For example, activation of p53 enhances synthesis of p21 CIPI/Waf1 following DNA damage (Waldman et al., 1996) , and p21 plays a major (but not exclusive) role in the ability of p53 to induce a G 1 arrest following DNA damage (Brugarolas et al., 1995; Deng et al., 1995; el-Deiry et al., 1993 el-Deiry et al., , 1994 Waldman et al., 1995) .
The absence of normal p53 activity is associated with progressive aneuploidy and genomic instability (Donehower et al., 1995; Livingstone et al., 1992) . Recent evidence has suggested that the ability of p53 to restrain genomic instability is related to its ability to participate in a mitotic spindle checkpoint (Cross et al., 1995; Jacks and Weinberg, 1997) . When ®broblasts derived from mice with wild-type p53 are exposed to a spindle-disrupting drug such as nocodazole, mitotic cells accumulate, and cells subsequently amass with a 4N content of DNA. A minority of cells becomes polyploid (Cross et al., 1995) . Conversely, ®broblasts from p53-de®cient mice accumulate fewer mitotic cells, and undergo multiple rounds of DNA synthesis. This results in cells with abnormally elevated DNA content (Cross et al., 1995) . Interestingly, the ability to participate in this mitotic spindle checkpoint appears intact even in a p21-de®cient mouse (Deng et al., 1995) .
To determine whether transcriptional activation by p53 is a prerequisite to its participation in the spindle checkpoint, temperature-sensitive mutants of p53 were employed in which the N-terminal transactivation domain was either wild-type or aected by a mutation which blocks the ability of the protein to act as a transcription factor. These experiments permit one to characterize the relationship between p53 activity, DNA replication, cyclin level, and mitotic arrest following spindle disruption. The results demonstrate that p53 does not aect the duration or magnitude of the mitotic delay following disruption of the mitotic spindle. Rather, p53 is an essential element of a checkpoint which prohibits re-duplication of DNA without completion of mitosis. This role does not depend on the ability of p53 to transcriptionally enhance the expression of downstream elements, because a mutant p53 which does not support transcription, but is otherwise functional, retains the ability to prevent reduplication of DNA. De®ning the nature of this reduplication checkpoint may provide insight into the non-transcriptional mechanisms by which p53 in¯uences the cell cycle and prevents aneuploidy.
Results
p53 prevents micronucleation and re-duplication of DNA following spindle disruption Three related cell lines were employed in these studies: 10(1) is a mouse cell with no p53 gene (Harvey and ; 10(1) val 135 is the same cell line with a temperature-sensitive p53 mutant c-DNA whose p53 is wild-type in its function at 328C but mutant at 398C; 10(1) 22,23 val 135 is the same cell line with a temperature-sensitive p53 c-DNA containing an additional mutation at amino acid residues 22 and 23 that prevents p53 from functioning as a transcription factor at 328C (Figure 1 ), but the protein is otherwise in a wild-type conformation. Growth curves for each of these cell lines (10(1) at 328C, 10(1) 22,23 val 135 at 328C, and 10(1) val 135 at 328C and 398C) ( Figure 2 ) show that 10(1) val 135 at 328C stops cell division in a p53-dependent fashion (compare with 10(1) val 135 at 398C and 10(1) at 328C). This growth arrest requires p53-mediated transcription because the 10(1) 22,23 val 135 cell line duplicates normally at 328C (Figure 2 ). The p53 protein transcriptionally activates the p21 gene and the p21 protein blocks cyclin D-cdk4/6 activity, causing a G 1 arrest of these cells (Martinez et al., 1991; Michalovitz et al., 1990) .
When nocodazole, a spindle inhibitor, is added to the 10(1) cells, 10 (1) (1) (Figure 4 ). The same cell line grown at 398C, the restrictive temperature, contains DNA from 4N to 8 N (Figure 4 ), indicating reduplication of DNA beyond 4N. These cells become polyploid with many (up to 15) micronuclei each having a nuclear membrane ( Figure  5 ). The presence of discrete micronuclei in 10(1) val 135 cells that were treated with nocodazole at 398C was con®rmed by electron microscopy (data not shown). Examination of these multinucleate cells with antibodies directed against beta-tubulin and gammatubulin also disclosed the presence of numerous centrosomes ( Figure 6b ) many of which served as one pole of an abnormal mitotic spindle. 10(1) cells containing no p53 also developed micronuclei and displayed many centrosomes when grown in the presence of nocodazole for 48 h at 328C (data not shown). In contrast, the 10(1) val 135 cells grown in nocodazole at 328C had normal numbers of centrosomes ( Figure 6a) .
Therefore, re-initiation of multiple rounds of DNA replication and the abnormal number of centrosomes and micronuclei was dependent upon the absence of wild-type p53, because it occurred in 10(1) cells at 328C and in 10(1) val 135 cells at 398C but not at 328C.
A transcriptionally inactive mutant of p53 prevents re-duplication of DNA following spindle disruption
The p53-mediated G 1 arrest of cells (see Figure 3 ) requires p53 to function as a transcription factor and to promote the expression of the p21 gene. However, p53 has some functions that do not require it to act as a transcription factor. To determine whether p53 mediates its DNA reduplication activity and checkpoint via a transcriptional mechanism, 10(1) cells, 10(1) val 135 cells, and 10(1) 22,23 val 135 cells (with p53 that fails to act as a transcription factor) were shifted to 328C and nocodazole was added to half of the culture dishes. Forty-eight hours later the cells were harvested and their DNA content was determined. In the absence of nocodazole (Figure 7 a,c,e), the 10(1) and the 10 (1) (Figure 9b ). The B cyclins rise during the S-G 2 -M stage of the cell cycle, and their loss indicates leaving M phase for G 1 . D cyclins are G 1 cyclins, and a decrease followed by an increase in its levels indicates cell entry into M at 8 h, followed by a movement into G 1 . Thus, the cellular signaling for progression into the cell cycle is entirely consistent with a transient pause in M phase which was also seen by direct observation of cellular morphology (Figure 8) .
The levels of cyclin B observed here were reproduced nicely by examining cyclin B-cdk H-1 kinase activity. When 10(1) val 135 cells at 328C were treated with nocodazole, this kinase activity rose 4.5-fold at 8 h of treatment but then declined until the conclusion of the experiment at 48 h (Figure 10 ).
Discussion
Previous work indicates that in the presence of a spindle-damaging drug such as nocodazole, cells containing wild-type p53 arrest in mitosis and do not duplicate DNA beyond 4N (Cross et al., 1995) . The block to reduplication of DNA (to 8N DNA content) does not require participation by a principle downstream eector of p53, p21 CIP1/Waf1 , because this block is also observed when ®broblasts from p21 knock-out mice (wild-type p53) are treated with nocodazole (Deng et al., 1995) . The existence of temperature-sensitive and transactivation de®cient mutants of p53 provides the opportunity to extend these observations by considering whether p53-dependent transcription is a prerequisite for either the block to re-duplication of DNA or the mitotic arrest which has been observed in the presence of spindle-damaging drugs. The results presented here indicate that upon exposure to nocodazole, cultured mammalian ®broblasts undergo a transient, p53-independent arrest in mitosis. The subsequent pattern of cyclin expression and activity indicates that these cells re-enter a G 1 -like state, albeit with 4N DNA content. These results support a similar conclusion by Minn et al., (1996) working with murine FL5.12 cells. In that report, FL5.12 cells (which have functional p53) become rapidly non-viable following exposure to nocodazole. However, those cells that remain viable develop a sustained arrest at 4N DNA. When transfected with a vector which expresses a dominant negative p53 mini-protein, known to abrogate p53 function (Shaulian et al., 1992) , the majority of viable cells contained 44N DNA content. The additional expression of Bcl-XL cooperated with abrogation of p53 function to increase the proportion of cells that were both viable and hyperdiploid following a transient block in mitosis. Employing both TUNEL and agarose gel analysis for the presence of DNA ladders, we were unable to demonstrate the presence of apoptosis in 10(1), 10(1) val 135 , or 10(1) val 135 22,23 cell lines following exposure to nocodazole at 24 and 48 h (data not shown).
Instead, following a transient nocodazole-induced mitotic delay, cells re-enter G 1 with 4N DNA. Neither the extent nor duration of this mitotic delay is aected by p53. However, the subsequent block to reduplication of DNA does depend upon the presence of p53, as it does not occur in cells entirely de®cient in p53 (Figure 7 ) or in cells with temperature-sensitive p53 at the restrictive temperature (Figure 4) That the G 1 block to reduplication is independent of p53-mediated transactivation is consistent with the previous observation that this checkpoint is intact in the p21 knockout mouse (Deng et al., 1995) . Our observation, and that of Deng, et al (1995) concerning p21, are both consistent with the recent report that p53 ±/± cells become more rapidly hyperdiploid when exposed to nocodazole than do pRb ±/± cells (Di Leonardo et al., 1997) . It is currently understood that p53 and p21 accomplish G 1 arrest by acting to maintain pRb in a hypo-phosphorylated state that arrests cell growth. Therefore, if transcriptional activation by p53 were essential to the block to reduplication, it might be predicted that this block would be completely abolished by the loss of pRb function. That it is not suggests that either other family members (p107, p130) may back up Rb function (Hurford et al., 1997; Starostik et al., 1996) or that p53 blocks reduplication of DNA without transcriptionally activating other genes. Additionally, genetic de®ciency of p21 only partially abrogates a p53-mediated cell cycle arrest following g-irradiation of murine fibroblasts (Brugarolas et al., 1995) , also implying that a second p53-dependent, p21-independent G 1 checkpoint must contribute to this phenotype (Elledge, 1996) .
There is additional precedent for the notion that p53 can suppress cell proliferation in the absence of its transcriptional function. For example, the 22, 23 p53 mutant has been observed to suppress growth of baby rat kidney cells, and it is also able to inhibit transformation of rat embryo ®broblasts by E1A and activated Ras (Sabbatini et al., 1995) . In addition, with some experimental systems p53-mediated apoptosis is not abrogated by the 22, 23 mutation (Haupt et al., 1995) . Our results are consistent with p53 maintaining an important role in cell cycle control despite the loss of p53-mediated transactivation and the resulting dysregulation of pRb. That p53-mediated functions are attenuated, but not abolished, by perturbations along the p53 ± p21 ± pRb pathway implies that 135 cells, following temperature shift to 328C and addition of nocodazole. In the presence of nocodazole, cyclin D 1 expression was lower at 8 h, as the cells arrest in mitosis. Thereafter, the mitotic arrest is relieved, and cyclin D 1 expression rises elements downstream (or parallel to) of pRb are regulated by a transcription-independent signal from p53. This signal may be transmitted via the proline rich domain of p53, which is dispensable for transcriptional activation (Walker and Levine, 1996) , but necessary for growth arrest in response to some stimuli, such as Gas-1 (Del Sal et al., 1995) and required for apoptosis (Walker and Levine, 1996) . It has been shown that amino acid residues 73 ± 143 of p53, containing the proline-rich domain, directly interacts with the E2F-DP1 heterodimer, inhibiting the transcriptional activity of this complex (O'Connor et al., 1995; Sorensen et al., 1996) . Elucidating the functions of these domains and their participation in the p53-mediated block to DNA re-duplication following microtubule destabilization will be an important next step towards understanding how p53 participates in assuring the normal alternation of mitosis and DNA replication.
Materials and methods

Cell lines
These experiments employed a p53-de®cient immortalized murine cell line (10(1) ®broblasts) (Harvey and into which the temperature-sensitive mutant p53val 135 (Martinez et al., 1991; Michalovitz et al., 1990) has been stably transfected. The resulting cell line is termed 10(1) val 135 ; at 398C the majority of p53 is in a mutant conformation, permitting the cells to replicate DNA and divide. At 328C, the wild-type protein conformation predominates, and the cells undergo growth-arrest in late G 1 of the cell cycle (Martinez et al., 1991) . Cell lines were also created from 10(1) ®broblasts by transfection with a transcriptionally defective derivative of murine p53val 135 (22,23 val 135 ) , in which amino acid residue 22 is mutated from leucine to serine and residue 23 from tryptophan to arginine (Lin et al., 1994) . This mutant is impaired in its ability to activate transcription, and to bind to the TBPassociated factors hTAF II 31 and hTAF II 70 (Thut et al., 1995) . 
DNA content
Cells were grown to approximately 70% con¯uence at 398C and nocodazole (Sigma, St Louis, MO, USA) was added to the growth medium (®nal concentration 50 ng/ml). Cells were then incubated for 24 to 48 h at either 398C or 328C. Subsequently, they were harvested in trypsin-EDTA, ®xed in 70% ethanol, stored at 7208C until stained with propidium iodide (50 mg/ml in phosphate buered saline), and examined for DNA content by FACS analysis (FacsScan, BectonDickinson, Franklin Lakes, New Jersey, USA). Control plates of cells were placed at 328C for 24 ± 48 h, but nocodazole was not added.
Mitotic index
Nocodazole was added to cell cultures as previously described. Cells were harvested at the indicated intervals, and deposited on coated glass slides by cytospin (300 ± 500 r.p.m. for 5 min). Following ®xation in methanolacetone (1 : 1) cells were treated with 0.05% Tween 20 in phosphate buered saline containing 0.5% bovine serum albumin (PBSBT). Slides were treated with DNAase-free RNase and the DNA was illuminated by staining for 15 ± 30 min with YoYo-1 Iodide (Molecular Probes Inc., Eugene, OR, USA) diluted to a ®nal concentration of 0.1 mM. Excitation was with the 488 nm line of an argon/ krypton laser mounted on a Nikon Optiphot II microscope. At least 400 cells per time point were manually counted using a 406objective. Mitotic cells were recognized by the presence of condensed chromatin and the absence of a nuclear membrane.
Immuno¯uorescence Cells were exposed to nocodazole for 8 to 48 h, deposited on coated glass slides, and ®xed in methanol-acetone. Cells were blocked with 0.05% Tween 20 in phosphate buered saline containing 0.5% bovine serum albumin (PBSBT) to which 10% goat serum was added. To detect b-tubulin alone, slides were washed in PBSBT and incubated in mouse monoclonal antibody to b tubulin (Sigma) (diluted 1 : 250 in PBSBT) for 60 min at 378C. Following several rinses in PBSBT, slides were incubated with goat antimouse IgG (diluted 1 : 250) coupled to¯uorescein isothiocyanate conjugate (FITC) (Sigma). DNA was stained with YoYo-1, as described, and cells were examined with a laser confocal microscope. In separate experiments g tubulin and b tubulin were stained together, in order to visualize both the centrosome and the associated spindle apparatus. In these experiments, g tubulin was probed with a rabbit polyclonal antibody (diluted 1 : 200 in PBSBT) to that protein (gift of G Stearns), and b tubulin was probed with mouse monoclonal antibody to b tubulin (Sigma). Horse anti-rabbit IgG-FITC (diluted 1 : 100) was employed to illuminate the antibody to g tubulin, while goat anti-mouse Texas red (diluted 1 : 100) was employed to illuminate antibody to btubulin.
Cyclin expression
Cells were grown to 50% con¯uence at 398C and transferred to 328C. The cultures were treated with nocodazole for 8 to 48 h and harvested by scrapping into phosphate buered saline (pH 7.4). Untreated (0 h) cells were held at 398C. To control for the eect of temperature shift upon cyclin protein expression, a series of plates were transferred to 328C but not exposed to nocodazole. Cell pellets were held at 7808C until analysed. Following cell lysis in the presence of 1 mM phenylmethylsulfonyl¯uoride (PMSF), lysate was pre-cleared with 50% v/v protein A-sepharose and the protein content of the lysate determined by the Bradford (Darbre, 1986) method. Lysate was subsequently rotated for 12 to 18 h (at 48C) in the presence of 35l of protein Asepharose and approximately 4 mg of polyclonal rabbit antibody to either cyclins A, B or D (gift of M Murphy). Following immunoprecipitation, the protein was separated on a 10% SDS ± PAGE gel, and transferred to a nylon membrane (Immobilon P, Millipore) which was subsequently probed with the same antibody employed for immunoprecipitation. Protein bands were illuminated by protein A coupled to I 125 and protein expression quanti®ed by PhosphorImager (Molecular Dynamics).
Cyclin B-associated p34 H1 kinase activity Cells were lysed in 50 mM Tris 7.4 containing 0.25 M NaCl and 0.5% NP-40 with protease inhibitors (1 mM PMSF, 5 mg/ml leupeptin). Protein content was determined with the Bradford method, and after pre-clearing approximately 2 mg of lysate with protein A-sepharose, 250 mg of lysate was incubated with 2 ml polyclonal antibody to cyclin B and 40 ml of protein A sepharose for 2 h at 48C. Protein Asepharose pellets were washed four times in 20 mM Tris 7.4 containing 7.5 mM MgCl 2 , 1 mM DTT (dithiothreitol, Sigma), and 0.1 mg/ml bovine serum albumin, and resuspended in 40 ml of this buer (omitting BSA), supplemented with kinase inhibitors (12 mM B-glycerophosphate, 5 mM sodium¯uoride, and 1 mM sodium orthovanadate). To the re-suspended pellet were added 5 ml 1 mM ATP, 0.5 ml gamma-32 P ATP, and 1 mg of Histone H1. This mixture was held at 378C for 20 min, mixed with 50 ml of SDS loading buer, boiled for 1 min, and separated on a 10% SDS ± PAGE which was dried and exposed to ®lm or PhosphorImager. Histone H1 is identi®ed as a doublet running at approximately 34 KD.
